Altitudinal changes in collembolan communities were studied by sampling soil microarthropods along 3 a gradient from 950 to 2150m a.s.l., under a wide range of forest vegetation types. A multivariate 4 method showed that most changes in species composition followed changes in soil chemistry, humus 5 forms and vegetation. A transition from mull to mor humus, with concomitant soil acidification, was 6 observed with increasing elevation. It was observed that at a given elevation changes in soil acidity 7 occurring in the course of forest dynamics exerted the same effects than altitude, thus soil acidity 8 explained better the composition of collembolan communities. Densities and local diversity of 9
Introduction 18 19
Biocenoses of Collembola (Hexapoda) have been studied at scales varying from that of a regional 20 landscape (Gisin, 1943; Haybach, 1959; Cassagnau, 1961; Nosek, 1967; Ponge, 1980; Hågvar, 1982; 21 Pozo, 1986; Deharveng and Bedos, 1993; Ponge, 1993; Lauga-Reyrel and Lauga, 1995) to that of the 22 plant cushion or of the boulder (Bonnet et al., 1970; Booth and Usher, 1984, 1985) . Scientists 23 endeavouring to find out factors which could explain the observed variations in species composition 24 are faced with a puzzling problem. If the scale is too large, discrepancies in the occupation of space 25 by species may arise quite independent of ecological factors, due to time-related processes such as 26 fragmentation of habitats or extinction-colonization processes (Christiansen and Bullion, 1978) . If the 27 scale is too small, then interactions between species may overwhelm the selective action of ecological 28 factors (Usher, 1985; Usher and Booth, 1986) . Thus the choice of an appropriate scale is a 29 prerequisite to any community study. The second more important aspect is the heterogeneity of the 30 sampled site or region, which could be due both to abiotic factors, such as lithology, climate and 1 aspect (Ponge, 1980; Ponge and Delhaye, 1995; Theurillat et al., 1998) , and to biotic factors such as 2 vegetation dynamics (Bernier, 1996; Miles 1979) . 3
4
In a previous study on the Macot forest (Savoy, France) the heterogeneity of humus forms has been 5 shown to reflect that of the forest patchwork, varying according to altitude, phases of the forest cycle 6 and competition between the spruce forest and the bilberry heath (Bernier and Ponge, 1994; Bernier, 7 1996) . Since ecological factors affecting humus forms, and humus forms themselves, were known to 8 affect collembolan communities (Ponge, 1980 (Ponge, , 1983 Hågvar and Abrahamsen, 1984; Ponge 1993) , it 9
has been decided to sample these animals at the scale of the eco-unit (Oldeman, 1990 ). As defined 10 by Oldeman (1990) , eco-units are unit components of the forest patchwork. They are made of trees 11 and other organisms which have undergone a common history following a disturbance event, the so-12 called zero-event, that created locally the eco-unit. In mountain coniferous forests of the French 13 northern Alps, most frequent disturbances are storms and cutting operations. At the montane level in 14 the Macot forest the forest renewal resulted from an improvement in humus form which occurred 15 before trees actually died and the canopy was opened. Improved humus allowed the rapid 16 establishment of a new cohort of Norway spruce (Picea abies) regardless of any long-lasting 17 successional processes (Bernier and Ponge, 1994; Bernier, 1996; Ponge et al., 1998). At the 18 subalpine level, the regeneration niche of spruce and other conifers was mostly decaying wood but the 19 subalpine heath competed strongly with the forest, thus decreasing the size of forest eco-units 20 (Bernier 1996 (Bernier , 1997 . 21 
22
The present study tested whether the scale of the eco-unit accounted for major variations in species 23 composition observed over an altitudinal gradient ranging from 950 to 2150m a.s.l., and explained 24 these variations. For that purpose collembolan communities and humus profiles were sampled near 25 each other at the approximate centre of the different kinds of eco-units which formed the forest 26 patchwork, care being taken to exclude micro-scale factors such as dead wood, stones, moss 27 cushions and proximity of tree trunk bases, all of which are known to influence collembolan 28 communities (Cassagnau, 1961; Bonnet et al., 1970; Ponge, 1980; Wolters, 1983; Arpin et al., 1984; 29 Kopeszki, 1992a 29 Kopeszki, , 1992b 29 Kopeszki, , 1993 Setälä and Marshall, 1994 ; Kopeszki, 1997 Data (densities of animals per unit surface) were treated by correspondence analysis, a multivariate 7 method using the chi-square distance (Benzécri, 1969 (Benzécri, , 1973 Hill, 1974; Greenacre, 1984) . This 8 method has been already used successfully to analyse changes in the species composition of 9 collembolan communities, with or without a priori hypotheses concerning the possible influence of 10 external factors (Bonnet et al., 1970 (Bonnet et al., , 1976 (Bonnet et al., , 1979 Ponge, 1980 Variations in species composition are analysed without resorting to the suspected influence of external 14 factors, but rather factors are extracted from multiple measurements in order to explain the trends 15 depicted by main inertia axes (eigen vectors) of a between-species chi-square distance matrix. 16
Variables (species) and samples are simultaneously projected on a space formed by the first factorial 17 axes, i.e. those explaining better the global variation. Variables and samples are indicated by points, 18 the bulk sample being thus represented by a cloud of points. Each species is projected in the vicinity 19 of samples to the species composition of which it contributes the best. The proximity of species and 20 samples and the contribution of the different species to the factorial axes allow detection of gradients 21
or discontinuities in the species composition, following one or several of the first factorial axes, which 22 are linearly independent. Each factorial axis represents a dimension of the sub-space into which the 23 cloud of data has been projected. The introduction of additional (passive) variables helps interpretation 24 of factorial axes in ecological terms when these variables prove to be well-correlated with factorial 25 axes. Additional variables are projected as if they had been used in the analysis but they do not 26 influence to any extent the formation of the factorial axes. Their projection is a point in the vicinity of 27 the samples (and species) which it characterizes best. For example if pH has been measured, this 28 parameter will be represented by a unique point falling near the samples exhibiting the highest pH. 29
In order to give the same weight to all parameters, all variables (discrete as well as continuous) were 1 transformed into X = (x-m)/s + 20, where x is the original value, m is the mean of a given variable, and 2 s is its standard deviation. The addition to each standardized variable of a constant factor of 20 allows 3 all values to be positive, correspondence analysis dealing only with positive numbers (normally 4 counts). Following this transformation, factorial coordinates of variables can be interpreted directly in 5 term of their contribution to the factorial axes: the farther a variable is projected from the origin of the 6 axes (barycentre) along a given direction (along a factorial axis) the more it contributes to this axis. 7
Variables were doubled in order to allow for the dual nature of most parameters (the absence of a 8
given species is as important as its presence, low pH values are as important as high pH values). To 9 each variable X was thus associated a twin X' varying in an opposite sense (X' = 40 -X). Such a 10 doubling proved useful when dealing with ecological gradients (Ponge et al., 1997) or when it was 11 judged interesting to classify samples according to their bulk abundance, besides changes in species 12 composition (Loranger et al., 1998). Originally, correspondence analysis was performed to deal only 13 with count numbers. Later it has been extended to other types of variables (Greenacre, 1984) . The 
Soil chemical analyses 20
Once the extraction of microarthropods was completed, dried samples from the top first 10cm were 22 used for chemical analyses. Samples were sieved to 2mm, homogenized, then chemical analyses 23
were performed on several sub-samples. Water pH and potassium chloride pH were measured on a 24 5g sub-sample diluted with deionized water (soil:water 1:1 w/w). A 50g sub-sample was crushed with 25 pestle and mortar, then sieved at 200 µm for further analyses. Cation exchange capacity was 26 measured on a 10g sub-sample by percolating the soil with 1N calcium chloride until saturation of 27 exchange sites then displacing calcium with 1N potassium nitrate. Determination of calcium and 28 chloride content was performed in the filtrate by flame nitrous oxide-acetylene atomic absorption 29 photometry, and complexometry with a Technicon® autoanalyser, respectively. Exchangeable cations(Ca, Mg, K, Na) were determined on a 10g sub-sample after displacement of sorbed cations with 1 ammonium nitrate. Potassium and sodium were determined on the filtrate by flame emission 2 photometry, calcium and magnesium by flame atomic absorption photometry. Total carbon and 3 nitrogen were determined with a CHN Carlo Erba® analyser on a 5mg sub-sample. Total bases (Ca, 4
Mg, K, Na), iron and manganese were determined on 1g sub-sample after boiling with concentrated 5 hydrochloric acid. Potassium and sodium were determined by flame air-acetylene emission 6 photometry, magnesium, iron and manganese by flame air-acetylene atomic absorption photometry, 7
and calcium by flame nitrous oxide-acetylene atomic absorption photometry. Total phosphorus was 8 determined on a 1g sub-sample with a Techicon® autoanalyser after treatment with concentrated 9 hydrogen peroxide followed by boiling with perchloric acid. 10 11
Other data 12 13
Other data were used as additional variables in the multivariate analysis of Collembola communities. 14 Particle size distribution was calculated on the same samples as for chemical analyses, i.e. on the top 15 first 10cm of soil (litter comprised) after extraction of fauna and sieving at 2mm the dried material. 16
Humus form was determined during sampling of humus profiles, part of which have been thoroughly 17 described in Bernier and Ponge (1994) and Bernier (1996) . The study of humus profiles helped to 18 notice the presence of main moss, herb, shrub and tree species in the litter. Species richness and total 19 abundance of Collembola were added, too. 20 Some other analyses were done using the age of trees forming the eco-units into which Collembola 22 were sampled. The age was calculated either by recording successive whorls on the stem of young fir 23 or spruce trees or by counting annual increments on a probe taken as near as possible from the 24 ground (correction was made by adding the age of saplings of similar height growing in the same site). The first factorial axis extracted 14.4% of the total variance. Despite this low value, this axis was the 2 only one clearly interpretable on the basis of the data collected in the present study. Thus further order 3 axes were considered as background noise and they were ignored in the following. Projection of 4 samples and main and additional variables was thus only done on axis 1. At first sight the significance 5 of this axis can be found in the altitudinal gradient. Figure 1 and Table 1 show that axis 1 was strongly 6 correlated with altitude, the correlation being even better when based on logarithms of factorial 7
coordinates. If we consider axis 1 of correspondence analysis as a compound index of species 8 composition, this means that the species composition of collembolan communities varied according 9 with altitude, but that the observed variation decreased when higher elevation was reached. For 10 instance more variation in species composition occurred from 1000 to 1500m than from 1500 to 11 
brevicauda (XBR), Sminthurinus aureus (SAU), Tomocerus minor (TMI). 25 26
Humus forms varied from mull (macrofaunal activity dominant) to moder (mesofaunal activity 27 dominant) then to mor (poor faunal activity) according to axis 1, but it should be highlighted that the 28 position of moder and mor was quite similar. These two humus forms were thus inhabited by the same 29 community although mor was characterized by scarcity of animal faeces. The projection of plantspecies along axis 1 reflected their preferential position along the altitudinal gradient, with silver fir 1 (Abies alba) and hazel (Corylus avellana) as typical lower slope species, and Alpen rose 2 (Rhododendron ferrugineum) as typical upper slope species. Most other common plant species were 3 centered around the origin, thus indicating their wide distribution over the studied altitudinal gradient. 4
Particle size distribution did not seem to vary along the studied altitudinal gradient, lower and higher 6 values of all categories being centered around the origin (Fig. 3) . On the contrary, variables describing 7 chemical properties of soils were stretched along axis 1, indicating strong chemical variations with 8 altitude (Fig. 4) . The topsoil of the upper slope forest was characterized by higher acidity, expressed 9 by i) lower pH (water as well as potassium chloride pH), ii) lower content in total bases (chiefly calcium 10 and magnesium), iii) higher exchangeable acidity (D pH), iv) accumulation of organic matter (more C 11 and N), and by a lower iron content. The C/N ratio did not vary at all according to axis 1, and some 12
other chemical features such as cation exchangeable capacity (and exchangeable bases), total 13 phosphorus, potassium, sodium and manganese were roughly centered around the origin, thus 14 indicating that they did not contribute greatly to axis 1. 15
Local species richness and abundance of Collembola increased along Axis 1 (Fig. 4 ). Both were 17 significantly correlated between themselves and with Axis 1 (Table 2 ). Local species richness was 18 negatively correlated with water pH, but neither abundance nor local species richness were correlated 19 significantly with elevation. 20
Influence of vegetation 22 23
We may wonder whether vegetation influenced directly or indirectly collembolan communities 24 independently of altitude. The fact that vegetation factors were not represented by lower-order axes of 25 correspondence analysis might indicate either that vegetation did not influence collembolan 26 communities or that this influence was superimposed on that of altitude and soil chemistry. Two 27 arguments favour the second hypothesis, i) the existence of cycling processes embracing both soil 28
properties and development of the forest ecosystem at the montane level (Bernier and Ponge, 1994 ; 29
Bernier 1996), ii) demonstration that the influence of altitude was superimposed on that of soil acidity,the latter being known to vary according to the forest cycle (Ponge and Bernier, 1995; Bernier, 1996) . 1
In order to verify this hypothesis at the montane level (lower and upper), coordinates of the eco-units 2 along axis 1 and pH (water) values were simultaneously crossed with the mean age of the trees (Fig.  3   5) . At 950m, where pH values vary from 5 to 7 it appears that these variations closely follow that of 4 axis 1 coordinates in a chronosequence. At 1550m, where pH values vary from 3.5 to 5, coordinates 5 along axis 1 did not vary to the same extent, especially during the time of most active growth of trees 6 (55 to 60 years), but they follow the same trend as pH values. This means that at the montane level 7 the species composition of collembolan communities (depicted by axis 1) varies during the forest cycle 8 as does soil acidity. communities are sensitive to soil acidity (Ponge, 1980 (Ponge, , 1983 slope soil to the benefit of lower slope soils, ii) mineralization is slowed by low temperature, and thus 4 organic matter tends to accumulate, iii) plants produce more secondary metabolites, in particular 5 phenolic compounds, which inhibit proteins and make nitrogen, sulphur and phosphorus unavailable, 6
iii) humification is slowed, and thus small organic molecules may act as ligands which leach metals 7 and bases down the soil profile (podzolization). When trees grow actively, i.e. when forest eco-units 8 are in the aggradation phase (Oldeman, 1990) 
Acidification effects 14 15
Now, let us examine whether the present data explain the acidification hypothesis. If we compare the 16 distribution of species along axis 1 (Figs. 2, 3, 4) with the classification of acidophilic and acido-17 intolerant temperate lowland species by Ponge (1980 Ponge ( , 1983 Ponge ( , 1993 , we can notice that three acido- meridionalis (HME) and Xenylla obscura (XOB) is remarkable, since these two species were only 19 known from the Pyrenees and the Himalayas, respectively. For all these species we cannot find any 20 proof of their strong acidophily in the literature, thus they rather seem to be adapted to cold climate 21 conditions which are to be found at the upper subalpine level. 22
Species which are well-known from lowland sites for their acidophily are Willemia anophthalma 24 (WAN), Friesea mirabilis (FMI), Micranurida pygmaea (MPY) and Protaphorura lata (PLA). They could 25
be thought not to live at the same sites than the mountain species Deutonura conjuncta (DCO), 26
Hypogastrura meridionalis (HME), Xenylla obscura (XOB), Folsomia sensibilis (FSE), Folsomia 27 inoculata (FIN), Isotoma nivalis (INI) and Vertagopus montanus (VMO). In fact densities of these two 28 groups were highly correlated, as verified by their Spearman rank correlation coefficient (Sokal and 29
Rohlf, 1995). Thus it can be predicted that species tolerant of acidity will be tolerant of altitude. Soilacidification, which is known to have been favoured by atmospheric pollution during the last three 1 decades in Scandinavia and Central Europe (Wittig, 1986 ; Falkengren-Grerup, 1987), may cause less 2 dramatic changes in mountain biocenoses of Collembola than in lowland biocenoses, and perhaps 3 even mountain biocenoses may be favoured by atmospheric pollution. This prediction is in partial 4 agreement with results of the survey done from 1968 to 1990 by Rusek (1993) in the Tatra mountains. 5
The increase in numbers of the formerly rare boreo-alpine Pseudanurophorus binoculatus recorded by 6 this author can be attributed to acid deposition, but the disappearance of Folsomia alpina, a typical 7 inhabitant of alpine pioneer ecosystems on dolomite and limestone (Nosek, 1967), does not follow the 8 above prediction. It should be noted that our results hold only for siliceous bedrocks and that at the 9 alpine level a decrease in species richness and total abundance of Collembola has been observed 10 (Lauga-Reyrel and Lauga, 1995). The subalpine level seems to be most favourable to Collembola, but 11 not the alpine level and even less the nival level. 12
13
We observed an increase in local species richness and abundance according to axis 1 of 14 correspondence analysis (Fig. 4) , which could be better explained by an increase in soil acidity than 15 by an increase in elevation (Table 2 ). Since soil acidification implies a decrease in litter decomposition 16 rates (Ulrich, 1986) and is reinforced by slow humification of organic matter (Stevenson, 1994) we 17 may expect a correlation between acidification and accumulation of soil organic matter, at least on 18 siliceous bedrocks. This has been demonstrated in previous studies on the same sites (Bernier and 19 Ponge, 1994; Bernier, 1996) and can be explained at first sight by an increase in available habitat and 20 food. Since most collembolan species are known to ingest humus (Gilmore and Raffensperger, 1970; 21
Wolters, 1987; Saur and Ponge, 1988; Ponge, 1991) it can be postulated that the more humus will 22 accumulate the more food and habitat will be available to Collembola. A similar increase in local 23 species richness and abundance of Collembola has been observed from the montane to the subalpine 24 level by Deharveng and Bedos, (1993), which could be seemingly explained by the observed increase 25 in soil acidity. 26
27
These results indicate a physiological adaptation of the whole group to acid soils, that corroborates 28 with the primitive nature of Collembola, which appeared as soon as the Silurian age, and then radiated 29 during the Devonian age (Rolfe, 1985; Dunger, 1987) . At this time topsoils were probably stronglyacid, due to chemical properties of primitive plants (lichens, bryophytes, pteridophytes, later on 1 gymnosperms), scarcity of base-rich susbtrates, and to acid rains (Elmi and Babin, 1996; Lethiers, 2 1998). Thus it may be thought that acidophilic species appeared sooner in the evolution than acid-3 intolerant species, which lost some important physiological adaptations, this idea being reinforced by 4 the examination of phylogenetic trees (Ponge 2000b ). Contrary to more recently evolved invertebrate 5 groups such as terrestrial oligochaetes which increase in species richness in richer soils 6 (Abrahamsen, 1972a (Abrahamsen, , 1972b , soil acidity does not decrease the species richness of Collembola, at 7 least in mountain and boreal sites where acid environments played the role of refuges for primitive 8
adaptations. 9
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